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Texture and strain analysis of the ferroelastic behavior
of Pb (Zr,Ti)O5 by in situ neutron diffraction
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In situ uniaxial compression experiments on (BHTi)O; or PZT-based polycrystalline
electroceramics were conducted using time-of-flight neutron diffraction. Elastic lattice strain and
texture evolution were observed in PZT’s near the edge of the morphotropic phase bouwvittary
tetragonal and rhombohedral phases prgsevtiltiphase Rietveld analysis yielded anisotropic
lattice strain evolution curves in directions parallel and perpendicular to the loading axis for both
phases. A quantitative analysis of the domain switching under applied stress was possible through
application of a March—Dollase model for texture. ZD03 American Institute of Physics.
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I. INTRODUCTION switching, bothin situ and ex situ However, the large ma-
jority of these studies are hindered by the limitations of x-ray
Ferroelectric ceramics are widely used in a diverse set Obenetration depths in a material in which the element lead
devices including sensors, actuators, transducers, and ultrgontriputes approximately 60% of the density. For instance,

sonic motors. In these applications, they exhibit a compliqnest x-ray studies employed G radiation which has less
cated coupled behavior in response to both electrical anghan 5,m penetration into PZT.

mechanical loading and often experience internal stresses Neutron diffraction is an ideal probe of bulk crystallo-

which lead to significant fatigue and eventually faildr&f-  graphic structure, but so far studies have mostly concentrated
forts to model and predict the behavior of ferroelectrics haveyn probing the temperature—composition—structure relation-
often been hindered by the lack of suitable constitutive relaship to obtain a clear understanding of the nature of the vari-
tions that accurately describe the electromechanical responggs phase transitions. A neutron diffraction sttidg noted

of these materials. Recently, self-consistent models havgs it investigated the ferroelastic behavior of a single crystal
been developed to describe the behavior of polycrystalling aNbO, under compressive stress. Although this study did
ferroelectrics. These models are essentially an adaptation Obrovide valuable insight about the crystallographic domain
the self-consistent crystal plasticity scheme developed b¥itching mechanism in LaNbQ it did not involve a poly-

Hill and Hutchinson and are able to capture some importangrystalline material and, therefore, could not probe the inter-
features of ferroelectric behavior such as electromechanicg|ctions between various domains and grains. We repdrt an
hysteresis. The formulation of robust models for ferroelectricsity pulk crystallographic study of the ferroelastic behavior
materials requires knowledge of their crystallographic beof a multiphase, polycrystalline PZT under compressive
havior under applied mechanical and electrical loading. Spemading. Simultaneous extraction of the lattice strains and

cifically, it is desirable to obtain, as a function of applied quantitative texture effect&lomain switching was possible
electromechanical loads, quantitative data of the microscopighrough a careful whole-pattern Rietveld analysis.

strain states which are functions both of single crystal elastic
properties and domain switching and/or pinning.

Many investigations of PZT'¢and other ferroelastic and || ExXPERIMENTAL PROCEDURE
ferroelectric materiajshave been undertaken to study the
macroscopic stress-strain response via traditional mechanicat
testing,l‘4 as well as crystal structure and orientation analy-  Several PWZr,Ti)O; (PZT) specimens were obtained
sis using x rays ™ and neutrons?~*® While macroscopic from American Piezo Ceramics, IndMackeyville, PA
measurements have been invaluable for outlining the behaw-775Q. Samples were cylindrical and measured approxi-
ior of multiphase materials and isolating industrially usefulmately 6.35 mm in diameter by 16 mm in length. Each speci-
compositions, they offer no insight into the crystallographicmen was prepoled by the manufacturer in an electric field of
behavior which is valuable to the modeling community. 2.5 kv/mm (applied along the axial directionThis field is
X-ray studies have been particularly useful in ascertainingvell beyond the coercive field of this material and induced
crystal structure and observing the texture effects of domaithe expected remnant polarization. Chemical composition
was determined with an electron probe analy@eol JXA-

aAuthor to whom correspondence should be addressed; electronic maif 33 SEM equipped With. Wavelength-dispersive spectrom-
Ersan@caltech.edu eterg. Average quantitative atomic fractions were found

Sample description
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Incident Neutron Beam meter were selected for detailed analysis because of the
lengthy acquisition time. Crystallographic data obtained
from previous studies on PZT’s were employed as a starting

+90° Detector point in the analyse3® In particular, space group@4mm
L Bank and R3m were used for the tetragonal and rhombohedral
I I phases, respectively. TIR8m model was instituted using the
-90° Detector symmetry operators of thie3c space group while constrain-
Bank ing the oxygen atomic positions so that 260, and Q
AN =1/12> These impositions were used to define and relate
Compression axis the origin of the two space groups.

_ _ The average atomic occupancies were determined from

FIG. 1. Sample-detector geometry at ENGIN allowing for simultaneous lect - b lvsi d initiall d
measurement of longitudinal and transverse sample behavior by thEhe electron microprobe analysis an Were I.nll lally ass_ume

26 = —90° and @ = +90° detectors, respectively. to be the same for both phases. Atomic positions and isotro-

pic thermal parameters were constrained to be the same for

) ~chemically identical sites; i.e., dopant atoms were required to
based on measurements taken at seven random, spatially iS8imic the atoms they replaced. This did not apply for the Zr

lated sample locations. The Zr/Ti atomic ratio was measuredq Ti positions and thermal parameters, which were allowed
to be approximately 49/51disregarding small amounts of 5 refine independently. The background function was mod-
dopants such as Sr, Ba and Sb, eacl® at. %9. At ro0m  gjeq ysing a ten term power serigEOF function No. 6,2
temperature, this composition places the sample in the tradigich is the regular function for the SMARTS diffracto-
tional morphotropic region of the phase diagrahhs will  meter. A Von Dreele—Jorgensen—Windsor convolution func-

be shown later, it was indeed found that .both the te_tragonadOn (TOF function No. 1 (Ref. 23 was used for the peak
and rhombohedral phases were present in the specimens. o fijes of each phase. The peak widths for both phases were
refined independently.

Convergent values for refinement parameters such as the

A powder sample of the PZT was obtained by crushinghistogram scaling factor, lattice parameters, peak widths,
some cylinders using a mortar and pestle. A time-of-flightPhase fractions, background coefficients, and linear absorp-
(TOF) neutron diffraction pattern of this powder was col- tion coefficient were initially determined. This was followed
lected using the SMARTS diffractomet@rat the Los Ala- by refinement of the independent isotropic thermal param-
mos Neutron Science Center. The powder was placed in @ters and atomic positions. All atomic positions were refined
vanadium can and data were collected for approximatelgxcept for the Pb position in the tetragonal phésepreserve
12 h. All subsequent experiments were conducted at the Rdhe origin of the space groypand the oxygen positions for
therford Appleton Laboratory’s ISIS Facility in the ENGIN the rhombohedral phase were constrained as mentioned
diffractometer. Herein situ TOF neutron diffraction patterns above. Refined individually, none of the atomic site occupan-
of prepoled solid PZT samples were obtained at variousies offered significant deviations from the average calcu-
uniaxial compressive loadsee Ref. 21 about the description lated chemistry. Considering the short collection times for
of the loading setup at ENGIN Observation of both the the ENGIN spectrometer data, even mode(até% per sit¢
axial and transverse strains was possible due to the sampiéianges in atomic occupancies were not observed to have a
orientation and the detector geometRig. 1). Strain gauges significant impact on the overall quality of the refinements.
attached to the samples measured macroscopic axial stralie powder diffraction analysis could not therefore provide
during diffraction experiments. Data acquisition times wereany compelling evidence for altering the stoichiometric data
approximatel 1 h ateach load level. Small transient relax- from the microprobe analysis in order to achieve better fits
ation effects were noted following each load chafmenaxi-  for the compression loading spectra.
mum of 0.015% strain over 15 minutes before stabilization Some of the problems generally associated with Rietveld
but these effects were deemed negligible for the purposes oéfinements of PZT’s were also noted in this analysfs'*

B. Neutron diffraction experiments

this study. For instance, the isotropic thermal parameters of the Zr and
Ti atoms were slightly different despite occupying the same
11l. DIFFRACTION DATA ANALYSIS crystallographic site in the tetragonal phase. The introduction

of anisotropic thermal parameters induced significant insta-
bilities due to the complexity of the background, and they

Neutron spectra were analyzed by the Rietveld method were subsequently removed from the model. The literature,
using the Gsas software packag® Cursory preliminary too, exhibits significant scatter in various crystallographic
analysis of the data collected from both diffractometers indifparameters. Since the purpose of the present study was not to
cated that this material was most likely a two-phase systenperform a detailed crystallographic analysis of this PZT com-
as evidenced by the presence of intensity between tetragonabsition, but to systematically investigate the effects of me-
peak doubletd®*213The signal-to-noise ratio of the data chanical loading on the material, the current analysis was
collected at ISIS was insufficiendue to short collection considered satisfactory. For possible explanations of these
times to perform any detailed, reliable dual-phase crystallo-behaviors, the reader is referred to studies investigating simi-
graphic analysis. Instead, data from the SMARTS diffractodar issues;1?-16:24.25

A. Powder specimen
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Final refinements of the powder specimen produced a ! T ‘
weighted residuaR,,,= 1.7% ?® indicating a good match be- (006)¢
tween the Rietveld model and experimental data despite " g‘ﬁ;k
some problems fitting a complicated lakspacing back- !
ground present in the SMARTS data $&t>26 Lattice pa-
rameters werar~4.0482 A ancc;~4.116 A for the tetrag-
onal phase, while for the rhombohedral phage=5.765 A
andcg~14.193 A. These parameters are in good agreement
with previous studies using similar modéi&!* The peak
widths of the two phases were found to differ by only 7% . ; \
and were thus considered to be the same in further andlysis. 1 15 2 25 3
The Rietveld refinement yielded final volumetric phase frac- d-spacing (A)
tions of roughly 79% tetragonal and 2.1%. rhombOh?dral'FlG. 2. A typical neutron diffraction pattern obtained at zero load in the
These numbers confirm that the material is indeed in th%ngitudinal direction. The experimental data are shown as crosses fitted by
morphotropic region of the phase diagram in agreement witlhe Rietveld model. The bottom curve designates the difference between the
the Zr/Ti ratio measured by the electron microprobe analysigwo. The upper tick marks show the positions of rhombohe(Ralpeaks
Comprising approximately one-fifth of the sample volumeWhile the lower ones indicate those for the tetragdialphase. Some im-

. portant reflections for each phase are marked. The high intensity of the
the rhombohedral phase is expected to affect the MacrQpo2), reflection suggests a high degree of domain alignment along the
scopic properties of this material. It is important to note,longitudinal (or axia) direction as would be expected from the electrical
however, that due to the large size of the rhombohedrapoling.
phase’s unit cell, its fractional contribution to the diffracted
intensity is much less than its volumetric phase fraction.
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Herel, is the intensity of a given diffraction peak?,, is
the structure factor, an®,,, is the March function. This
B. Loaded specimen function is a true distribution function and describes the den-

. . sity of poles at a given angl@®<a</2). Only the March
Crystallographic data obtained from the SMARTS POW" ¢ oefficientr needs to be defined to yield a complete descrip-

der pattern was implemented in the ENGIN data alnaIySIStion of the texture in the sample. In other words, the entire

N?.ne dm; th;eh.at(()jm;c potsﬂons ct)tr thetrmtal garametersit Vée,r%rientation distribution function can be described in this spe-
refined for this data set. Any attempts 10 do SO resutted My c5se of fiber texture in a cylindrical sample. It is also a

divergence during the least-squares calculation. For the E Jery flexible model in that it is applicable to distributions

GIN data, a six-term power series was used for the baclg;vh- ; _ ;
ich have a maximum a&=0 (r<1) or a maximum at
ground (TOF function No. 6 (Ref. 23 and a back-to-back a=m2(r>1) r<D

pseudo Voigt function for the peak profil$OF function Applying the March—Dollase model to the tetragonal

No. 3 (_Ref. 23. The peak widths of the two_phases were phase was straightforward: th@01] direction corresponds to
constrained to be th_e saman assumption Wh'_Ch was vali- the crystallographic dipole, and the angle between domains
dated by the analysis of the powder as descnbgd above. F fscernable in a diffraction experiment is 90°, so texture in
each detector bank, the zero-load pattern refinement P'his phase could be modeled easily by tracking the intensity

vided rt]he Iihneljrf_abs(,jorfptionlIcrol_ef:]icielnt l;orl thel m?&?" Wh.iChvariations between the prominef200—(002) doublet(Fig.
Wa}s then he ;Ee gr a . 4'3/ (;:r- oa het\,/ei 5 ?:)rptlo? 2).5910:3%ysing a preferred orientation axis [F01] in GSAS
values were on the order of %o for each bank. Fatterns 10,y refining the March coefficient for this family of peaks

each load level were refined using flags for the lattice paraméignificantly reduced thi,,, values for all fits.

eters, peak widths, higtpgram scale factor, texture variables, The rhombohedral phase, however, was slightly more
and background coefficients. . . complicated. The dipole formed due to ion displacement
. Contrary to the pow_der, the_poled_ sample dlsplayed SlgI’:\Iong the[111] direction in the pseudocubic unit cell corre-
nificant texture effects in the diffraction pattern. It is well sponds to thd006] direction in theR3c structure™ In this
known that PZT exhibits polarizations aligned along thephase domains form at either 71° or 109°, reflecting a dipole
[001] direction of the tetragonal phase and ffa1] axis in realigr;ment in one of thgl1-1] directions o,f the pseudocu-

the pseudocubic unit cell of the rhombohedral phase, angiC cell geometry or thé202] directions of theR3c space
that the diffracted intensities from related reflections can b%roups,Q,lo,SOFor this reason, this study investigated &&e

usetd .t? SL-,L“_?{;‘;“ret etxhtent of ldc&mtalnt allgnmertlt n thteT, 006) and (202 reflections. Unfortunately, both of these re-
materals. ue fo the sample-detector geometry, crystal-qe tions lie in the region of the high-intensi(§11) peak of

line textu_ltﬁ thhe r;spgmlrlnen ;:oulf_l be_ moqleledtlm a_fl(rjnplqhe tetragonal phase centered at roughly 2.35 A in the dif-
manner. The March—Doflase Iunclion@Asis aptly suite fraction patterns(Fig. 2). The convolution of intensities
to account for the effects of texture on diffracted intensity fortherefore produces a large and relatively broad single peak

cylindrical samples?"** Unambiguous assignment of relative intensities in this region
i Pria(@) F i, (1)  using single-peak fits was not possible due to the destabiliz-

ing effects of the instrumental peak width and the relatively

Poa(@)=[r?cog(a)+r 'sirf(a)] %2 (2)  low signal-to-noise ratio resulting from short collection times
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at ENGIN. The constraints imposed on lattice parameters Total Strain (%)
during whole-pattern Rietveld refinements countered these 08 06 04 02 0
effects by strictly limiting the uncertainty in the peak posi- 0 e '
tions. Using a preferred orientation axis[606] and refining - /
the March coefficient for this peak and its equivalents im- g 50
proved all fits. Still, the(006—(202) region of the fitted £ -
spectra consistently displayed fitting errors greater than the @ 1907 /
rest of the pattern which indicate that the crystal model does £ 150 -
not sufficiently account for the observed intensity. %’
The superfluous observed intensigee Fig. 2 likely 2 00
represents texture effects due to {262 peak of the rhom- oy
bohedral phase. Since the angle betweer 20€] and[006] < 250
directions is the angle between 71° or 109° domaimsich
are therefore not orthogonaffollowing the texture in only -300
one preferred orientation axis does not sufficiently account

-350

for the intensity changes in the other peak. Attempts to cor-
rect this error by introducing a second preferred orientatiorkg. 3. Axial (longitudina) macroscopic sample strain as measured by a
axis (the[202]) were met with mixed success. Since this is astrain gauge during the loading cycle. The diamonds indicate the locations
Secondary texture effectin a minority phaseAstreated the Where neutron data were coIIected_.‘ Note that the reference point for strain
(202 March coefficient as a free variable, which destabilized"®® taken to be the zero load position.

fits. While individual patterns’ residuals were improved, the

resulting values for texture and lattice parameters were UNsahavior. During unloading, most of the domains apparently

reasonable, and the refinements of some spectra failed {9 .. i\ their switched position, an effect of the well-

conver?e. I \lN?S cor;c![l#ied tha‘i.tthe cu:reénotzdata ;NOUIS r‘%nown electromechanical hysteresis exhibited by these ma-
support resolution of this quantity, so t}i202] preferre terials. This results in a large residual strain in the longitudi-

orientation axis was removed from the model. nal direction upon unloading. Texture and lattice strain

The final discrepancies between the Calcmated_nGUtr_OQvolution data obtained from neutron diffraction support
spectrum for the loaded sample and the measured diffractio

data as quantified by the weighted residRg|, were around these observations.
18% for the longitudinal detector data and 19% for the trans-

verse. While these residuals are generally considered high 1. Tetragonal phase
Rietveld standards, they are a reflection of the effects of the

signa}l-to-nzoise ratio, rather than. indications of gross miscaléanﬂy over the course of loading and unloading due to do-
culation (x“ values were approximately 1 for both bapks i switching. Figure 4 shows the changes in the March
The slightly hlgher values for t_he_ transverse bank are due Qg qfficient of the tetragonal phaseq] as a function of ap-
the fact that it samples only a limited angular space of the 2 pjiaq stress. The value of; is initially less than 1.0 as seen
specimen circumferenceoughly 4%, while the longitudi-  j the ongitudinal bankFig. 4(a), diffraction vector parallel
nal bank samples the entire polar angle range from @ 10, sample axik representative of a large number of crystal-
with respect to the sample’s cylindrical axis. lographic[001] poles aligned with the sample’s cylindrical
axis. This is expected since the sample was prepoled in this
IV. RESULTS AND DISCUSSION direction, implying that microscopic dipoles of individual
domains should align with the poling field. As the load is
increasedr  quickly passes through the random powder tex-
Figure 3 displays the results for the longituditakial)  ture value of 1.0 and proceeds to increase dramatically up to
macroscopic sample strain as measured by the strain gaugevalue of about 1.4 between100 and—150 MPa applied
during the loading procedure. Strains are referenced from thstress. Since; values greater than 1.0 correspond to a dis-
poled(zero-load configuration, ignoring any residual strains tribution function with a maximum a&=#/2, the diffracted
induced by the pressing, sintering, or poling processes. It i;tensities detected in the longitudinal bank above
seen that the initial elastic region is very small, below—150 MPa are indicative of a majority dfo01] poles
—25 MPa. Notice the large changes in strain during thealigned along a direction normal to the sample aftise
stress changes betweer25 and—100 MPa. This range cor- transverse directionThis increase is a direct observation of
responds to that of 90° domain switching in the tetragonathe 90° domain switching in the tetragonal phase, consistent
phase and 71° and 109° domain switching in the rhombohewith the switching of domains that initially were oriented
dral phase previously noted in PZT materiafs%2°Upon  with their ¢ axis parallel to the loading direction reorienting
reaching—150 MPa, the switching process has saturated anduch that thec axis becomes perpendicular to the loading
the sample’s initial polarization along its cylindrical axis will axis. Above—150 MPa, the switching process has saturated,
have largely vanished. This is in effect the mechanical “de-and ther; value is roughly constant. During the unloading
poling” of an electrically poled PZT. At stresses greater thanprocedure, most of the switched domains remain locked and
—150 MPa, the material again exhibits nearly linear elasticcannot return to their original configuration, as indicated by

The texture observed in the specimen changed signifi-

A. Macroscopic deformation
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350 =o—~Tetragonal FIG. 5. Lattice strain in the tetragon@) and rhombohedrab) phases as a
«8= Rhombohedral function of applied stress. The “axial” data were derived from diffraction
-400 patterns collected at the longitudinal detector while the “trans.” data were
(b) obtained from the transverse detector. Arrows indicate direction of load
change.

FIG. 4. March coefficients measured in the longitudit@land transverse
(b) detectors as a function of applied stress. Arrows indicate direction of
load changes.

The description of the switching process given above
helps with the interpretation of the lattice strains measured in
the roughly constant value of the March coefficient. Only athe tetragonal phadé-ig. 5a)]. Here the labels “axial” and
slight decrease is noted betweeid0 MPa and 0 MPa, cor- “trans.” refer to the macroscopic sample directions of the
responding to the relaxation of a small fraction of domains.cylindrical axis and the direction perpendicular to it, respec-
The transverse detector balfkig. 4(b)] is oriented such tively. All measurements are referenced to the poled sample
that the relevant diffraction vector is 90° from the sampleconfiguration (the zero-load staje ignoring any lattice
axis. At this position, it is seen that is initially greater than  strains induced by the pressing, sintering, or poling pro-
1.0 at zero load and decreases to a value less than 1.0 duringsses. Error bars are those reportedsbys after conver-
the course of loading. This means that the transverse bardence and are representative only of fitting errors. One must
corroborates the data from the longitudinal bank: it observesemember that each detector only measures the spacing be-
the majority of[001] poles initially aligned with the sample tween certain crystal planes which fulfill the diffraction con-
axis and, after the switching procedure, observes a majoritgition. At this point, it will help to consider the evolution of
aligned in the direction normal to the sample axis. The dif-a single, initially poled tetragonal domain throughout the
ference in the magnitudes of the March coefficients observebbading procedure. In the zero load configuration, this hypo-
between the two banks is probably due to the limited samthetical domain is oriented such that @saxis is parallel to
pling range of the transverse bank. When domains switclthe loading axis and the associated planes satisfy Bragg'’s law
from their initial position, they may move into any of the with respect to the longitudinal detector. The planes along
energetically equivalent 90° orientations normal to thethea axis in this domain do not. Therefore, only information
sample axis. In other words, after switching the poles aren thec axis is available to the longitudinal detector and no
distributed around the2solid angle of the cylinder, but the intensity is present from tha axis. At some applied load,
transverse detector only measures texture from poles alignédternal stresses will force this domain to reorient itself,
in a 4% fraction of this circumference. switching 90°. Now the domain’s axis planes fulfill the
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diffraction condition and contribute intensity to the pattern intetragonal only more severe, indicating that in the mechani-

the longitudinal detector; correspondingly thaxis informa-  cal depoling process too, this phase is more easily reoriented.

tion has effectively disappeared from the spectra. In terms oflarch coefficient data from the transverse detedfeig.

the time-of-flight diffraction peaks, this change is manifested4(b)] were not very reliable in the low-load regime, but the

during the course of compressive loading by the disappeatrend and maxima confirm the switching observed in the lon-

ance of intensity for the (002)peak and appearance of in- gitudinal detector bank.

tensity in the (200) peak. In the transverse detector, the Figure 8b) shows the lattice strain evolution in the

opposite behavior has been recorded: as the domains switthombohedral phase. Here, theand c axes correspond to

to reorient theirc axis in the transverse direction, the inten- the [1-10] and[111] directions in the pseudocubic unit cell,

sity in the (002} peak is introduced and intensity in the respectively. It is seen that botha“axial” and “c axial”

(200); peak is lost. In a polycrystalline sample with many display the expected compressive behavior, but for this phase

domains these effects occur in a continuous manner. the magnitudes are roughly the same, in contrast to the te-
Returning now to the lattice strain evolution, Figab tragonal phase. Similar to the tetragonal case, the maximum

shows that for domains oriented with theiaxis parallel to  values of both strains are near the value measured by the

the loading axig“ c axial”), as measured in the longitudinal strain gaugeFig. 3). In the transverse bank where the sam-

detector bank, there is a large compressive strain change duling statistics are already hindered, the strain data allow

ing loading. This can be interpreted as lattice shrinkage alongnly for the confirmation of a tensile strain trend due to the

thec axis due to the domain switching. At arourd50 MPa  Poisson effect.

applied stress, all the tetragonal domains that could align

their ¢ axis perpendicular to the applied load have done so ) _

leading to the saturation of axial strain. The remainders, stilP- Combined texture analysis

aligned so that they continue to contribute to thedxial” While the March function provides an accurate descrip-
data in the longitudinal detector, are pinned and can onlyion of the texture in this material, it is also desirable to form
deform elastically. The corresponding deformation in thea more quantitative picture of the domain switching. Follow-
transverse direction is captured by tha trans.” strains in  ing the formulation of Bedoyat al., the fraction of domains

Fig. 5(@). Notice that they exhibit the expected Poisson effectswitched both due to the initial electrical poling and subse-

and are positive. Since domain switching is mostly inactivequent mechanical depoling process may be calcufafee:
during unloading, the axial strain cannot be relaxed, leavingining the relative intensity ratios as

a large negative residual strain of abot®.62%, a measure

of the depoling process. It is also interesting to note that the T=1(002)7/[1(2007+1(002)], ©
maximum value of the ¢ axial” strain (about 0.8%is close R=1(006)g/[1(202x+1(006)g], (4)

to the macroscopic axial strain measured by the strain gauge . . .

(Fig. 3. This suggests that the overall longitudinal strain ofoN€ Mmay calculate the fraction of domains switcheg @nd

the specimen is largely determined by the domain switching?®): "elative to a random orientation distribution and includ-
process. On the other hand, domains that are aligned with9 intensity variations due to structure factor differences, as

their c axis perpendicular to the loading directiand hence T =T

contribute to ‘a axial” and “c trans.”) experience mostly nr= - o (5)
elastic loading and unloading. This is again expected since 2T+T'=3T-T

the orientation of these domains is already a low-energy con- ,

. ) . . . ; R'-R

figuration, leaving them with no driving force to switch un- RE=E——————————, (6)
der applied stress. As a result, they deform elastically. 3R+R'—4R-R’

where the prime signifies intensity ratios at a given load
condition, and nonprime is the reference intensity ratio from
the randomly oriented configuration. Observed, normalized
The rhombohedral phase is a minority phase in thentensities for individual peaks were extracted from the Ri-
specimens studied. Therefore, the results obtained from thistveld analysis. All calculations were performed with respect
phase should be viewed with caution, especially from theo the powder sample, which was designated as having no
loaded specimen since the low counting statistics and thpreferred grain orientation, corresponding to “O fraction of
limited data resolution prevented a complete texture analysidomains switched(Fig. 6). By using the powder as a refer-
as was discussed before. This is especially true for the trangnce, the quantification of the effectiveness of both electrical
verse data due to the low coverage of the detector in thatoling and mechanical depoling was possible.
direction. However, the rhombohedral March coefficient  The results of these calculations for the longitudinal de-
(rg) in the longitudinal detectdiFig. 4a)] is representative tector are plotted in Fig. 6. Positive values in this plot indi-
of the loaded specimen in the axial direction due to the sueate the fraction of domains which have switctieslative to
perior sampling statistics of that detector. Initial values f the random configuratiorso that their unit cell dipoles are
andr 1 indicate that the rhombohedral phase of this PZT wagarallel to the sample axis. For the tetragonal phase only, the
more effectively poled electrically compared to the tetrago-negative values correspond concisely to a fraction of do-
nal phasgFig. 4a)]. As the load increased, a similar behav- mains switchedagain relative to the random configuration
ior is observed in the rhombohedral phase as was in theo that theirc axes are perpendicular to the sample axis. In

C. Rhombohedral phase
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80 ‘ switching does not move tH202] pole into a position where
—6—Tetragonal ‘ it satisfies the diffraction condition for the longitudinal de-
=8~ Rhombohedral tector. Thus the texture model in this range is insufficient to

correctly supply data for Eq$4) and(6). While the effect of
domain switching could be clearly observed, its exact quan-
tification in the high-applied-stress regime is not possible

Fraction of Switched Domains

--------------------- with the current experimental setup and data.
= = ) V. CONCLUSIONS
© © T Neutron diffraction data were collectéd situ on mor-
-60 . . . L L photropic, prepoled PZT samples under compressive loads.
0 -50 100 150 200 250  -300 Structural analysis via Rietveld refinement showed signifi-
Stress (MPa) cant texture present after the electrical poling procedure.

Through application of the March—Dollase model, simulta-
FIG. 6. Calculated fraction of switched domains in the loaded specimerhegus bulk measurements of texture and lattice strains were
‘C’j"i'rtlglrggt’:cctto:_" the powder case. The data were extracted from the longits o ip10 i these materials. Most of the tetragonal phase ex-

perienced domain switching between —25 and —150 MPa,

where the process saturated. As a result of this switching,
the poled configuration at zero load the rhombohedral phasgighly anisotropic lattice strains were observed. Similar
has 63% of its domains aligned with their dipole directionstrends were seen in the minority rhombohedral phase, though
parallel to the sample axis, while the tetragonal has onlyata indicate that this phase responds more readily both to
22%. The data for the rhombohedral phase are in good agreetectric fields and applied stresses. Although only a relatively
ment with Bedoyaet al.” but the tetragonal phase exhibits small amount of this phase was present in the material, the
only weak initial poling in comparison. Again it is evident ease with which it responds to external stimuli and the large
that in our specimen the rhombohedral phase was more efattice strains observed in it confirm that this phase plays a
fectively poled using the electric field. As the load is in- significant role in the macroscopic electromechanical behav-
creased the rhombohedral phase clearly responds mofer of this material. Given the uncertainties in the analysis,
quickly than the tetragonal phase, though both phases pagg& nonetheless draw the conclusions that the rhombohedral
through the zero pointthe random configuratiorbetween  phase was more strongly oriented by the prior electric field
—25 and—50 MPa in agreement with the March coefficient poling than the tetragonal phase. On the other hand, the te-
data from this detector. Here too, the switching process isragonal phase was likely more strongly depoled by the me-
saturated by-150 MPa in both phases, but the rhombohe-chanical loading than it was poled electrically.
dral phase does not exhibit a higher amount of alignment in  The successful extraction bkl-dependent straingom-
the normal direction than the tetragonal phase, as might bigined with the quantitative texture informatjowill allow
expected. The reason for this is that the negative fractiofior further verification and adaptation of the new self-
data for the rhombohedral phase is not as easy to interprebnsistent models for ferroelectrit$n these models, differ-
compared to the tetragonal phase. In the latter, the increasst variants of domains are monitored as they switahd
of the (200 intensity in the longitudinal dat@leading to  convert into anothéras a function of applied electrome-
negative fraction valugsmeans that more tetragonal do- chanical loading. The interactions of variants and grains
mains have switched so that theilxis is in the transverse within a polycrystalline body determine the overall response
direction. In this case, it is worth noting that while only 22% of the material. The diffraction data obtained in this study
of these domains were initially aligned along the sample axigan be used to compare model predictions with the material’s
(due to the electrical polingaround 40% were switched by actual response in different crystallographic directions allow-
the applied stresg-ig. 6). This result suggests that mechani- ing the calculation of important parameters such as critical
cal loading was more effective in this specimen than theswitching stress and kinematic hardening coefficiéribis
electrical loadingor, alternatively, some relaxation occurred work is currently in progress.
after the electrical poling For the rhombohedral phase, in
addition to the insufficient texture model described earlierACKNOWLEDGMENTS
(which could not consider th¢202] pole), the domain
switching is not orthogonal. The only certain conclusion for

this phase is that the texture model sufficiently accounts fo o . -
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